Marmosets are cooperative breeders organized as extended family groups, but breeding is generally restricted to a single pair. Breeding competition is fierce in female marmosets; males, on the other hand, show low levels of intragroup aggression. We investigated male and female breeding strategies and the resulting reproductive output in 9 wild groups. Reproductive output, tenure of breeding animals, identification of the breeding system, breeding position replacements, migration and infanticide were recorded; also, we recorded grooming and aggression. Replacement of the breeding male or female was observed on nine occasions. On four occasions, the son of the breeding male inherited the breeding post, but we never observed inheritance of a breeding post by a daughter. Mostly, females attained a breeding post by immigrating to a group that had a breeding vacancy. Our results showed that Callithrix jacchus males and females use different strategies to attain a breeding position and maintain it for as long as possible. These strategies prolong the tenure of the breeding position, which is the best way to produce a large number of offspring.
Introduction
Common marmosets (Callithrix jacchus) are cooperative breeders that occupy a diversity of different habitats in Brazil. These small primates live in groups that vary in size from 5 to 17 individuals and include adult males and females, as well as immature animals (Araujo, 1996) . Studies of captive and wild marmosets suggest that marmoset groups live as extended families or, alternatively, as multimale and multifemale groups, not necessarily close genetic relatives (Faulkes et al., 2003 (Faulkes et al., , 2009 Ferrari and LopesFerrari, 1989) .
Most studies suggest that breeding in these groups is restricted to just a single pair, which is typical of a monogamous mating system (Araujo, 1996; Arruda et al., 2005; Rothe and Darms, 1993; Yamamoto et al., 2009) , although groups containing two breeding females have also been reported in the wild (Arruda et al., 2005; Digby and Ferrari, 1994; Scanlon et al., 1988; Yamamoto et al., 2009 Yamamoto et al., , 2010 . Clutton-Brock et al. (2006) suggest that competition between females is likely to be particularly intense in cooperative breeders where a single female monopolizes reproduction. In fact, breeding competition is fierce among female marmosets and does not seem to be attenuated by kinship. Dominant breeding females frequently harass their own daughters when they are unable to suppress them hormonally, sometimes leading to expulsion from the group (Arruda et al., 2005) , and may show similar levels of aggression to both related and unrelated females (Alencar et al., 1995) . Moreover, there have been reports of infanticide perpetrated by dominant females (Arruda et al., 2005; Bezerra et al., 2007; Lazaro-Perea et al., 2000; Melo et al., 2003) .
On the other hand, males show low levels of intragroup aggression, in both wild (Araujo, 1996) and captive marmoset groups (Araujo and Yamamoto, 1993; Galvão-Coelho et al., 2008) . A core group, including the breeding pair and some non-breeding individuals, usually another male, has been described in wild marmoset groups (Araujo, 1996; Koenig and Rothe, 1991) . In Saguinus, a genus belonging to the same clade, a second male may indicate a polyandrous mating system (Diaz-Muñoz, 2011 of polyandry (Faulkes et al., 2003 (Faulkes et al., , 2009 Nievergelt et al., 2000) , which is in line with behavioural data. Yamamoto et al. (2010) suggest that the highly successful C. jacchus reproductive system is based on a balance between competition and cooperation. The former enforces reproductive monopolization by females by avoiding the substantial costs of raising more than one set of offspring simultaneously and the latter by providing better breeding opportunities for males through three of the five kinds of cooperation indicated by Diaz-Muñoz et al. (2014) , more specifically, competitive coalitions, cooperative polyandry and cooperative parental care. Hauber and Lacey (2005) suggest that in cooperatively breeding mammals there may be a greater suppression of reproduction in females, leading to greater competition among females than males. This conclusion is very much in line with behavioural and hormonal data on C. jacchus (Arruda et al., 2005; Faulkes et al., 2009; Yamamoto et al., 2010) . Although breeding is restricted to a breeding pair or trio ), all adult males retain the physiological ability to reproduce, and usually all but one non-breeding female are physiologically suppressed . Nevertheless, ovulating subordinate females either breed as a secondary breeder in a polygynous breeding arrangement or present failed attempts to breed/raise infants that usually end in the death of infants and migration from the group (Arruda et al., 2005) . Non-ovulating subordinate females may start to ovulate very quickly given favourable social conditions (Saltzman et al., 2005) . Therefore, different strategies for the sexes should be expected and breeding positions could be achieved by different means Yamamoto et al., 2009 ).
In the current study, we investigated the behavioural differences between male and female C. jacchus and the patterns of social organization of breeding and non-breeding animals. These data allowed us to characterize different strategies used by males and females to attain breeding status. We also compared the reproductive output of males and females, considering the duration of their tenures. In relation to social relationships, we predicted more affiliative interactions among males, demonstrating the adoption of cooperative strategies, and more agonistic interactions among females, showing the adoption of competitive strategies Yamamoto et al., 2010) . We also predicted that males and females would show similar reproductive outputs despite the adoption of distinct strategies, as most reproductive sets are monogamous.
Materials and methods

Study sites
The present study was conducted at two sites, both managed by the Chico Mendes Institute for Biodiversity (ICMBio) Common marmosets (C. jacchus) were the only nonhuman primate species observed within the study sites and surrounding areas.
All of the individuals from each of the study groups were trapped and fitted with colour bead collars for individual identification. An anaesthetic (ketamine, 10 mg/kg) was injected in the animals for easier handling during collection of biometric data and placement of the identification collars, and to minimize the animal's stress levels. Identification collars were only placed on adults and subadults. Animals weighing less than 250 g were individually marked by painting a specific part(s)of the body and/or by shaving a part of the tail, although infants were only marked using body paint.
Groups
This study focuses on data from long term monitoring of groups until their disappearance or reorganization, representing about twenty years of information on groups' social dynamics in both marmoset study sites. Animals' immigration and emigration, new reproductive pair formation, births, identification of mothers and presumptive fathers were the measures used to obtain the data. Additionally, adults in three of those groups had their affiliative and aggressive interactions recorded in order to describe social relations, more specifically, the dominance relations associated with the reproductive system in those groups.
In the area of Caatinga, one group of marmosets was monitored for 120 months. In the secondary Atlantic Forest, eight groups were monitored for periods varying from 20 to 79 months. During the monitoring period, we recorded more than one reproductive unit (or breeding unit, consisting of males and females that bred regularly and repeatedly in the group, Arruda et al., 2005) occurring successively in Groups 1, 2, 3 and 7. Two mating systems were identified in the groups, monogamy and polygyny, respectively, when the reproductive unit consisted of a single pair, or when systematically, there were two females alternating pregnancy inside the group; also, copulating and being mate guarded by the same male. Mating systems not only varied among the groups, but also within the same group in two cases (Groups 3 and 7), both of which were first characterized as being polygynous, but after a new female assumed the reproductive vacancy, they became monogamous (Table 1) . Copulations were recorded opportunistically. Identification of the breeding position of females was based on their pregnancies and birth of infants. The breeding positions of males were identified based on opportunistically recorded copulations and other behaviours that are indicative of mate guarding, such as following the female, grooming and resting together. Migration, disappearance or the death of one or all previously breeding individuals in a particular group resulted in the formation of a new reproductive unit that sometimes included the previously breeding individual(s) and sometimes not (Lazaro-Perea et al., 2000) .
Data recording
We monitored 14 males and 16 females to determine the following variables (Table 1) : reproductive output (infants that survived up to 5 months); tenure of breeding animals for both males and females, represented by the total number of months an individual spent as a systematically breeding member of the group; identification of the breeding system(s) of each group as being monogamous, polygynous or both; breeding position replacements, and the identification of which individuals composed the new reproductive sets; migration of both males and females that entered or left the observed groups; and the occurrence of infanticide.
In the three groups mentioned above, we also recorded grooming and aggression. Grooming was recorded through instantaneous animal sampling and aggression through continuous animal sampling. For grooming behaviour, we documented all interactions in which the focal animal picked through the fur of another individual with their hands and/or mouth, and also when another animal picked through the focal animal's fur with its hands and/or mouth. For aggressive behaviour, we recorded actions associated with the dominant and subordinate position, as described below (Lazaro-Perea et al., 2004) . Dominant -Chase/lunge: Throwing the body towards or aggressively pursuing another individual, without making direct physical contact; Hit: Physically striking or grabbing the fur of another individual with the hands; Bite: normal usage; Dominant vocalizations: Giving the "ehr-ehr" call (a low-pitched, staccato chatter).
Subordinate -Cower: Positioning the body low to the substrate and moving away from another individual; Submissive vocalizations: Giving a string of vocalizations that included the "nga-nga" (a low pitched, atonal, infantile squeal); Avoidance: Moving quickly around or under a branch or tree trunk in response to another animal's approach.
Statistical analysis
In order to demonstrate observed similarities (grooming behaviour) and dissimilarities (aggressive behaviour) among individuals within groups, we applied Multidimensional Scaling PROXSCAL (MDS), using total frequencies of giving and receiving grooming or aggression from each group member to each other group member (total of six matrices). The number of cases and S-Stress are given in Table 2 , for bidimensional analyses. These analyses were applied to Groups 1, 2 and 3 only.
Additionally, we compared observed copulation frequencies for individuals in categories defined by breeding status (breeder or subordinate, for focal group members) and group membership (focal or non-focal group), using chi-square test.
We also performed a Generalized Linear Mixed Model (GzLMM) Univariate analysis in order to verify the main effect(s) of sex and mating system (independent variables) and interaction effect on the number of infants surviving up to five months (dependent variable) on reproductive output of males and females. As subject variables (random effects), we selected individual identification, group membership, and site. This analysis included all groups and the reproductive tenure ranged from 6 to 71 months. To compare the effect of mating system, we selected individuals having are productive tenure of 24-48 months, which included monogamous and polygynous individuals with similar reproductive tenures, and performed the same analysis. Finally, we conducted two Linear Regressions, including all individuals and separated by sex, to verify whether reproductive tenure predicts the number of infants surviving up to five months. The significance level was set to p < 0.05 for all analyses.
Results
Social relationships
We evaluated the social relationships among group members using grooming and aggressive behaviours. For each group and behaviour, MDS perceptual mapping was used to represent the social dynamics of each group (Fig. 1) .
For grooming behaviour, the closer the proximity between individuals, the more grooming occurred. Perceptual mapping of grooming behaviour for all groups indicated a core group composed of both the breeding male and female and a few other individuals. In Group 1, there was a second adult male (Fig. 1a) ; in Group 2, there were two adult females (Fig. 1c) ; and in Group 3, there was an adult male and an adult female (Fig. 1e) . It was also observed that other group members were dispersed at similar distances from the core group.
For aggressive behaviour, the closer the individuals, the less aggression occurred. Perceptual mapping of aggressive behaviour indicated that there was less aggression among individuals from the core group in all three of the groups analyzed. In Group 1, there was less aggression among the breeding individuals and an adult male, an adult female and an immature male (Fig. 1b) ; in Group 2, there was less aggression among the breeding individuals and four other adult males (Fig. 1d) ; and in Group 3, there was less aggression among the breeding individuals and other adult males (Fig. 1f) . All males mentioned in Groups 1, 2 and 3 were offspring of the breeding pair. Breeding individuals tended to show a high level of tolerance to immature individuals regardless of their sex, as is the case for most individuals outside the circle (Fig. 1b, d , and f). The dyads that showed the most aggression in all three groups were always composed of the dominant female and another adult female: F1 and F6 in Group 1; F2 and 11 in Group 2 (followed closely by females F12 and F13); and F1 and F3 in Group 3.
Replacement of the breeding male or female was observed on nine occasions. On four of these occasions the son of the breeding male inherited the vacant breeding position, but we did not observe the inheritance of a breeding position by a daughter of the breeding female. Adult females frequently (5/9 times) attained a breeding position by immigrating to a group that had lost its breeding female (Table 3) . Accordingly, we observed that females tended to migrate more often than males, where 14 male versus 23 female migrations were recorded among all of the Nisia and Assu groups. Emigration by females occurred mostly when they started ovulating and when levels of aggression from the dominant female escalated (see Arruda et al., 2005; Sousa et al., 2009) . Aggression by dominant females towards subordinates leading to the death of the subordinate's infants or, in one case, abortion, was observed in six cases in five groups (Groups 2, 3, 4, 7, and 9; Table 1 ). This happened when subordinates in a polygynous group gave birth close to parturition by the dominant female in polygynous groups, or when subordinate females gave birth after extra-group copulations in monogamous groups (see Arruda et al., 2005) .
Copulations were observed more often between the breeding pair, but we also observed extra-group copulations, mostly involving subordinates (Table 4) . Chi-square analysis ( 2 = 17.63, df = 2, p < 0.001) showed that observed frequencies were greater than the expected for copulations involving breeders and those involving a subordinate and an out-group individual. Additionally, the observed frequency was lower than the expected frequency for copulation involving a breeder and an outsider. The two observed copulations between a breeder and an outsider involved a breeding male.
Sex differences in reproductive outputs
Considering the number of infants surviving for as long as five months for breeding males and females, we observed no effects of sex (F = 1.14, df = 1, 26, p = 0.296), mating system (F = 0.91, df = 1, 26, p = 0.349) or interaction (F = 2.46, df = 1, 26, p = 0.129) (Fig. 2) . When we selected individuals having similar reproductive tenure (from 24 to 48 months), the results were consistent for the number of infants surviving up to five months. We observed no effects of sex (F = 2.68, df = 1, 11, p = 0.130), mating system (F = 2.76, df = 1, 11, p = 0.125) or interaction (F = 2.11, df = 1, 11, p = 0.157).
Our results showed that reproductive tenure predicts reproductive output (number of infants surviving as long as five months) for breeding males and females (F = 58.22, df = 1, 21, p < 0.001). In fact, reproductive tenure predicted 73.5% of the variation in our sample (R = 0.86, R 2 = 0.74, t = 7.63, p < 0.001) (Fig. 3a) . We included all individuals in this analysis because the results for sex were similar. Fig. 3b shows the resultant model.
Discussion
Our results suggest, as predicted, that males and females use different behavioural strategies to attain and maintain breeding positions. Females have few opportunities to breed in their natal group. There are no reports in the literature of a subordinate female inheriting a breeding position in its natal group, nor have we observed it during the whole period the 9 groups were followed. Subordinate females may occupy a breeding position as a secondary female in a polygynous group in their natal group, but these arrangements are rare among wild populations (Arruda et al., 2005; Yamamoto et al., 2010) . Subordinate females are usually expelled or leave their natal group and try to find a breeding vacancy in a neighbouring group. Natal dispersal in females is not correlated with group size or tertiary sex ratio . Instead, what seems to trigger this behaviour is aggression by the dominant female, which escalates from the moment that a subordinate female starts to ovulate, sometimes resulting in abortion/infanticide when the subordinate female is pregnant (Arruda et al., 2005; Sousa et al., 2009) . Conflicts between females may also be related to food availability and most females tend to leave the group at the beginning of the rainy season, when ecological conditions are more favourable .
Males, on the other hand, do not leave their natal group nearly as often as females and they are usually most involved with infant care (Albuquerque, 1999) , especially those males that compose the core group. Furthermore, males have the opportunity of inheriting a breeding position in their natal group, as well as starting a new group, or maintaining their current breeding position when a new female enters the group . Males also show high levels of affiliative behaviour and low levels of intragroup aggression (Digby, 1995b) , which leads to strong social bonds among resident males, which can be enhanced by the high degree of relatedness among them. The inclusive fitness benefit may be an important factor in promoting the development of male-male cooperation, especially in species with a high degree of male philopatry (van Hooff and van Schaik, 1994) . Baker et al. (1999) reported that, contrary to what happens between females, subordinate males in captive groups, housed with their fathers, show no physiological or behavioural inhibitions, and that father and son present similar rates of sexual intercourse in the presence of an unrelated female. However, unrelated males may present high levels of aggression in captivity (Abbott et al., 1992) and also during intergroup encounters in wild populations (Araujo, 1996; LazaroPerea et al., 2000) . Moreover, when the group is experiencing a restructuring period following the loss of the breeding individual, males usually compete as fiercely as females do for the breeding vacancy (Lazaro-Perea et al., 2000) . These studies all suggest that cooperation and tolerance between males is a strategy for maintaining a breeding position, but that the acquisition of a breeding position, when an undisputed heir is not present, may involve just as much competition as it does for females.
Dominant females in polygynous mating system may lose fitness, as the interbirth interval increases, which may lead to physiological suppression of subordinates, when possible (Yamamoto et al., , 2010 . Probably, one of the limiting factors for multiple female breeding is the need for helpers, due to the possibility of the birth of more than one set of offspring simultaneously, which increases the load on caregivers (Digby, 1995a; Yamamoto, 2005) . Accordingly, the risk of infanticide is higher when the timing of births by dominant and subordinate females overlaps (Arruda et al., 2005; Digby, 1995a) .
It has been reported that the number of adult males in the group is directly related to infant survival in tamarins (Baker et al., 1993; Bales et al., 2000; Sussman and Garber, 1987) and in common marmosets (Koenig, 1995; Santos and Monteiro da Cruz, 1997) . Data from our wild population suggest that neither group size nor the number of adult males affected the percentage of the surviving offspring. This may be related to the fact that all groups had at least five members (except for two, that during a short period of reproductive transition had only two members), and all but one had at least two adult males suggesting that there was a sufficient number of helpers to raise the infants ).
Males and females should be physiologically ready to breed in case an opportunity arrives. For males, the opportunities may come through the inheritance of the breeding position from the father or when a new female enters the group after the death of the breeding female. For females, opportunities come in the form of breeding vacancies in neighbouring groups. Although neither subordinate males nor females usually copulate in the group, extragroup copulations are relatively frequent (Arruda et al., 2005; Digby, 1999) . These serve both males and females as a way to monitor future breeding opportunities in the form of breeding vacancies in neighbouring groups for females and bonds with extragroup females that might occupy the breeding position for males.
Clearly, male and female C. jacchus use different strategies to attain a breeding position and to maintain it for as long as possible. The typical male strategy relies on cooperation, philopatry and the possibility of inheriting the breeding position of its father. Meanwhile, females must compete fiercely for a breeding position, and usually have to leave the group in order to attain such a position. To maintain the position they have already occupied, dominant females need to prevent their subordinates from breeding, either through physiological or behavioural suppression or, when such mechanisms fail, reverting to more extremes measures, such as expulsion from the group or infanticide of subordinate females' infants. Although there are clear differences in the breeding strategies of male and female common marmosets, the reproductive output seems to be similar, even for polygynous males, as predicted. Thus, even though males and females may maintain breeding positions through very different strategies, they are both aimed at prolonging tenure, which is ultimately the best way to produce a larger number of offspring.
